, combined 2D-3D DBT may decrease the recall rate and increase the cancer detection rate (CDR) for mammographic screening as noted in observer performance studies [4] [5] [6] [7] . Initial European population-based screening programs documented improvements in clinical outcomes for 3D DBT [8, 9] . In the United States, Haas et al. [10] recently reported a significant reduction in recall rate with 3D DBT screening. From communitybased practice, Rose et al. [11] reported a significant increase in the detection of invasive cancers and in the positive predictive value for screening recalls (PPV1) with 3D DBT compared with 2D DM alone.
ministration (FDA) on February 11, 2011 [3] , combined 2D-3D DBT may decrease the recall rate and increase the cancer detection rate (CDR) for mammographic screening as noted in observer performance studies [4] [5] [6] [7] . Initial European population-based screening programs documented improvements in clinical outcomes for 3D DBT [8, 9] . In the United States, Haas et al. [10] recently reported a significant reduction in recall rate with 3D DBT screening. From communitybased practice, Rose et al. [11] reported a significant increase in the detection of invasive cancers and in the positive predictive value for screening recalls (PPV1) with 3D DBT compared with 2D DM alone.
As early adopters of 3D DBT in community-based practice, we aimed to retrospectively compare the clinical performance of 3D DBT (combined 2D-3D DM) with conventional 2D DM alone in a high-volume population-based breast cancer screening program.
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Materials and Methods
This retrospective study was performed at a multisite community-based radiology practice that instituted a DBT program in August 2011. We compared screening mammography outcomes metrics for 2D DM alone with those of 3D DBT in contemporaneous patient cohorts. The study protocol was approved by Western Institutional Review Board (WIRB), an independent commercial IRB, and was HIPAA compliant. A waiver of written informed consent was obtained.
Study Design and Participants
We compared mammography audit and patient demographic data for consecutive patients who underwent screening by 2D DM or 3D DBT between August 9, 2011, and November 30, 2012. Initially, we began to use our tomosynthesis-capable mammography unit on August 9, 2011, in our Potomac, MD, office. Subsequently, five additional sites (Bethesda, MD; Chevy Chase, MD; Washington, DC; Fairfax, VA; and Sterling, VA) installed DBT units through March 2012. Screening mammograms for all patients were obtained with DMcapable and DBT-capable equipment (Selenia or Selenia Dimensions, Hologic) in both the craniocaudal and mediolateral oblique projections.
After receiving written material about 3D DBT and a verbal explanation of the technology, all screening mammography patients at our Potomac, MD, office were offered the option of 3D DBT. The first patients who opted for 3D DBT received the examination without additional charge until December 6, 2011 (1147 patients). Thereafter, 3D DBT was offered for an additional $50 fee.
As each office installed tomosynthesis, during the 7-to 10-day period of applications training, 3D DBT was performed without charge (1577 patients). Thereafter, a $50 fee was charged. If a patient indicated she was unable to afford the fee, then tomosynthesis was performed free of charge.
Of 77,833 women screened, 23,149 patients (29.7%) opted for 3D DBT and 54,684 patients (70.3%) for 2D DM screening. Of our 24 boardcertified radiologists, 10 interpreted relatively few (< 500) 3D DBT screening studies. To include only the relatively consistent readers who ) was used to analyze the difference between 2D DM and 3D DBT. The link function was specified as LOGIT. The correlation between reads made by the same radiologists was accounted for by specifying radiologist as the G-side random effect. The adjusted rates were calculated using the fitted model and their 95% CIs were derived using the delta method. c The 190 2D DM cancers include one patient with Hodgkin lymphoma and one patient with non-Hodgkin lymphoma. The 131 3D DBT cancers include one patient with sarcoma. These patients are not included in cancer totals for Table 4 .
Breast Cancer Screening Using 3D DBT Versus 2D DM had presumably overcome the "learning effects" of new technology, we evaluated only the data for the 14 radiologists who interpreted more than 500 3D DBT screening mammography studies during the study period. Therefore, 59,617 patients were included in two patient cohorts: 38,674 patients who underwent 2D DM and 20,943 patients who underwent 3D DBT ( Fig. 1 and Table 1 ).
The 14 study group radiologists had previously been trained to interpret DM. All had completed the required 8-hour tomosynthesis training mandated by the Mammography Quality Standards Act (MQSA) [12] . They had 2-38 years of postresidency or fellowship clinical experience in breast imaging (average, 18.6 years). Four of the radiologists had completed fellowship training in breast imaging and 10 had spent at least 75% of their clinical practice in breast imaging.
Audit Data and Outcomes Measures
Aggregate mammography audit and patient demographic data were acquired from our MQSAcompliant radiology information system (RIS) (Merge RIS, Merge Healthcare) and mammography information system (MIS) (MagView Mammography Information System, MagView). The RIS recorded which patients underwent 2D DM and which underwent 3D DBT. The MIS provided the following information: patient age, breast density, family history of breast cancer, use of hormones, and whether the study was a baseline study or a subsequent mammography study. Cancer diagnoses were determined by review of pathology reports from needle and surgical biopsies and from surgical treatment procedures for cancers. These reports were obtained as part of our routine data acquisition for our MQSA-mandated internal audit of mammography outcomes.
Cancer Analysis
For all cancers diagnosed in the two patient cohorts, we recorded the screening and recall dates, biopsy dates with pathology results, and number of additional mammographic views for recall examinations. Biopsy and final surgical pathology results were recorded for cancer cases. Surgical biopsy results for patients with initial diagnoses of atypia or other high-risk lesions based on needle biopsy were obtained whenever possible to determine upgrades to cancer diagnoses. If breast MRI or ultrasound were performed for further workup of patients with abnormal screening mammography findings, then the MRI or ultrasound findings resulting in cancer diagnoses were included in the CDRs. Cancers diagnosed more than 120 days after screening mammography were excluded from the screening-detected cancer analysis.
Clinical Performance Metrics
Key clinical outcomes measures of recall rates from screening mammography, overall CDR (number of cancers per 1000 patients screened) and CDR for invasive cancer and in situ cancer detection, positive predictive value from screening (PPV1), positive predictive value for biopsy after BI-RADS category 4 or 5 assessment (PPV3), and overall and noncancer biopsy rates (number of biopsies performed per 1000 patients screened) were calculated for the aggregate 2D DM and 3D DBT patient cohorts for radiologists who read more than 500 3D DBT screening examinations. Positive predictive values are expressed as percentages.
The recall rate was calculated as the percentage of screening patients for whom additional imaging was requested (BI-RADS category 0 assessment). Technical recalls were included in the study but were not calculated in the radiologists' recall rates. For patients with multiple cancers, the most severe lesion was chosen from the patient's record (e.g., invasive cancer took precedence over in situ cancer) and that patient was counted only once in the CDR. Lesions upgraded to cancers from initial pathology findings of atypia or high-risk lesion were included in the CDR and positive predictive value calculations.
Statistical Analysis
Statistical software (SAS, version 9.3, SAS Institute) was used to analyze differences between 2D DM and 3D DBT patient cohorts for each of the outcome measures. The Fisher exact test and a generalized linear mixed model were used for all analyses except patient age to determine statistical significance. The Wilcoxon rank sum test was used for patient age. A p value of < 0.05 was considered significant, and all tests were two-sided.
For the generalized linear mixed model, the reading radiologist was assumed to be random. Proportions from each group and their differences after factoring in random radiologist effects were taken into account for analyses of outcomes measures (PROC Glimmix procedure, SAS Institute) used to assess differences between 2D DM and 3D DBT cohorts.
Results
Clinical performance measures comparing 3D DBT with 2D DM are summarized in Table 1 .
Recall From Screening
Of the 38,674 patients screened with 2D DM, 6247 were recalled for additional imaging, whereas 2845 of 20,943 patients screened with 3D DBT were recalled. The recall rate for 2D DM was 16.2% and for 3D DBT, 13.6%. The difference in recall rates is a statistically significant relative reduction of 16.1% or an absolute reduction of 2.6% for screening with 3D DBT versus screening with 2D DM alone (p < 0.0001). The generalized linear mixed model also shows a significant recall reduction (estimate, 13.60%; p < 0.0001).
Biopsy Rates
Eight hundred thirty-five biopsies were performed in the 2D DM cohort compared with 551 biopsies in the 3D DBT cohort ( Table  1 ). The overall biopsy rate per 1000 patients screened was significantly higher for the 3D DBT cohort (26.3/1000, p = 0.0003) compared with 2D DM (21.6/1000) cohort. The generalized linear mixed model estimated increase in biopsy rate was 20.39% (p = 0.0016).
The noncancer biopsy rate was also greater (p = 0.003) for 3D DBT (20.1/1000) compared with 2D DM (16.7/1000).
Cancer Detection Rates and Positive Predictive Values
The 835 biopsies resulted in 190 patients diagnosed with cancer in the 2D DM cohort ( There was a large significant (p = 0.0003) difference in the PPV1 for 3D DBT (4.6%) compared with 2D DM (3.0%) screening. This difference constitutes a 53.3% relative increase in PPV1 for an abnormal finding on 3D DBT screening mammography compared with 2D DM screening. The generalized linear mixed model-estimated PPV1 increase was 51.14% (p = 0.0007). Thus, the likelihood that an abnormal screening examination will result in a cancer diagnosis was greater for the women screened with 3D DBT than for those screened with 2D DM.
The PPV3 was similar for the two groups: 23.8% for 3D DBT and 22.8% for 2D DM, with no significant difference (p = 0.696) by the Fisher exact test and by the generalized linear mixed model analysis (p = 0.662).
Patient Characteristics
The differences between the 2D DM and 3D DBT groups are shown in Table 2 . There was no significant difference in age between the 2D DM and 3D DBT cohorts. Mean age was 59.5 and 59.6 years for the 2D DM and 3D DBT groups, respectively (p = 0.695). There was no difference in the number of patients with multiple breast cancers (p = 0.39). In both groups, 12 patients had multiple breast cancers diagnosed. A comparison of the distributions of breast density between the two groups showed no significant differences (p = 0.081). Likewise, between the two cancer cohorts, there were no significant differences regarding family history of breast cancer (p = 0.899), history of hormone use (p = 0.221), or if the screening study was a baseline study or a subsequent study (p = 1.000).
Number of Mammographic Views for Recall
An analysis of the frequency distributions for the number of additional views obtained at recall (Table 2) shows fewer additional mammographic views were obtained for women diagnosed with breast cancer who underwent 3D DBT as compared with 2D DM screening (p < 0.001). For screening recalls resulting in cancer diagnoses, 74.1% of 3D DBT patients underwent two or fewer mammographic views versus 51.0% of 2D DM patients. Additionally, 35.1% of patients in the 3D DBT group required no additional mammographic views versus 6.3% in the 2D DM group. Table 3 shows the grade and histologic type of the screening-detected cancers for the two patient cohorts. Multiple cancers were treated independently in this analysis. There were no significant differences in the Note-All data are for radiologists with experience reading more than 500 3D DBT examinations. a The Wilcoxon rank sum test was used for age, and Fisher exact tests were used for all other categoric variables. b The difference was calculated as 2D DM -3D DBT. A 95% CI of the difference of the means was calculated for age. c The 95% CIs were calculated for the difference between groups in the percentages of Yes responses.
Screening-Detected Cancers
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distributions of cancer grade (grade 1, 2, or 3) for invasive cancers detected by 3D DBT versus 2D DM (p = 0.607). More low-and intermediate-grade in situ cancers were detected by 3D DBT screening (p = 0.045; 95% CI, -39.7 to -2.06). More high-grade in situ cancers were detected in our 2D DM cohort (p = 0.045; 95% CI, 2.06-39.74). There were no significant differences in the types (ductal, lobular, or other) of cancers detected by 3D DBT versus 2D DM (p = 0.255). Table 4 shows the CDR subanalysis (tabulated by number of patients) for in situ and invasive cancers. The CDR for invasive cancer was significantly higher (p = 0.006) by 43.8% for patients screened with 3D DBT (4.6/1000) compared with 2D DM (3.2/1000) alone. There was no significant difference (p = 0.753) between the CDR for in situ cancer for 3D DBT (1.6/1000) compared with that of 2D DM (1.7/1000).
Discussion
Implications for Patient Care
Although not the first study of screening outcomes in community-based practice [11] in the United States comparing 2D DM with 3D DBT, ours is the largest report (59,617 patients) to date. Because most American women undergo mammography screening in the community radiology setting, our results may be a bellwether for the impact of tomosynthesis on population-based breast cancer screening.
With a 16.1% reduction in recall rate from screening, a 53.3% increase in PPV1 from an abnormal screening examination, a 28.6% increase in the CDR for cancer overall, and a 43.8% increase in the CDR for invasive cancer, standard performance metrics for screening outcomes show the superiority of 3D DBT over 2D DM. The reduction in screening recall rate combined with increased detection of invasive-but not in situ-cancer is strong evidence that effective screening with 3D DBT may be achieved with significant performance improvement.
Our results show that screening with 3D DBT is efficacious and has practical implications for patient care. A decreased probability of recall from screening, a higher rate of cancer detection, and a greater likelihood that fewer mammographic views will be needed to diagnose malignant lesions will significantly influence everyday practice.
We report a significant 16.1% lower recall rate for 3D DBT compared with 2D DM for population-based screening in our community practice, which is exactly the setting in which most women in the United States undergo screening. Prior observer performance studies [4, 7, 13] reported 30-40% potential reductions in recall rate. Haas et al. [10] similarly showed an almost 30% reduction in recall rate in their retrospective population-based study in academic practice. In community practice, with a smaller sample size (23,355 screening studies) than ours, Rose et al. [11] reported a 36.8% reduction in recall rate in a subgroup of radiologists who had read more than 500 tomosynthesis studies. Results from our community-based practice are more concordant with the 15% recall reduction reported by Skaane et al. [8] in the Oslo population-based screening program.
We observed a significant increase in the CDR for cancer overall (28.6%) and, most importantly, a 43.8% increase in the CDR for invasive cancer for patients screened with 3D DBT versus 2D DM. These detection benefits were achieved with no significant increase in the CDR for in situ cancer for 3D DBT compared with 2D DM (1.6/1000 and 1.7/1000, respectively). Our CDRs for 3D DBT are comparable to those reported by Rose et al. [11] and Skaane et al. [8] but differ from the lesser, nonsignificant increase in CDR of 9.5% reported by Haas et al. [10] in an academic setting. Thus, a reduction in screening recalls can be achieved along with an increase in the detection of invasive, but not in situ, cancer. These results imply that effective Note-All data are for radiologists with experience reading more than 500 3D DBT examinations. a Fisher exact test. b The difference was calculated as 2D DM -3D DBT. A 95% CI was calculated for the difference between the groups in the percentages of responses at each level. c Includes patients with multiple cancers, thus totals will vary from total patient numbers in Table 1 . d For cancer grades, unknowns were not included in the analysis for significance.
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population-based screening with 3D DBT in community radiology practice is feasible without contributing to false-positive recalls or increasing the detection of clinically insignificant noninvasive cancers.
Strengths and Limitations
In our study, the relative increase in PPV1 with 3D DBT (53.3%) indicates that the likelihood of an abnormal screening examination resulting in a cancer diagnosis is much greater for women screened by 3D DBT. The superior CDR for 3D DBT compared with 2D DM also illustrates the improved efficacy of screening with 3D DBT. However, our results also showed that once biopsy was recommended, there was the same likelihood of a positive result for women who underwent 2D DM as for those who underwent 3D DBT.
The PPV1 and CDR results are in accord with the greater sensitivity and accuracy of 3D DBT reported in a reader performance study by Rafferty et al. [7] . However, the higher biopsy rate may be a prevalence effect from the utilization of new technology for first-round screening. Nevertheless, the accrued advantages for patients screened with 3D DBT in community radiology practice include a decreased probability of recall from screening and a higher rate of cancer detection, particularly for invasive cancers.
It is noteworthy that fewer additional mammographic views were obtained at recall examination for patients with cancer diagnoses after 3D DBT versus 2D DM screening. A remarkable 35.1% of 3D DBT patients with cancer diagnoses had no additional mammographic views performed at recall. This finding suggests that recall from 3D DBT screening may result in a more efficient recall assessment compared with 2D DM. Larger studies are needed to assess the recall efficiency for all patients who undergo 3D DBT compared with 2D DM.
The limitations of our study include the retrospective and nonrandomized design that could introduce selection bias, particularly with regard to the $50 fee charged for 3D DBT. However patients who could not afford 3D DBT were not charged. For a variety of reasons (see Study Design and Participants section), 11.8% of 3D DBT examinations were performed without charge. Additionally, if patients with known risk factors for developing breast cancer self-selected 3D DBT screening, then this could have contributed to a higher PPV1 and CDR in this cohort. However, analyses of patient age, breast density, family history, number of patients with multiple breast cancers, history of hormone use, and baseline screening status showed no significant differences between the 2D DM and 3D DBT cancer cohorts. As a result, we believe neither these risk factors nor the $50 fee introduced clinically relevant selection bias. Furthermore, these factors and fee are unlikely to account for the large differences in outcome performance metrics between the two cohorts.
The sequential inclusion of office sites as they acquired DBT in our tristate practice could have introduced systematic bias; however, we believe that this possibility is unlikely given the diverse urban-suburban population we serve across these locales.
The lack of comparison with performance metrics for 2D DM outcomes in the period preceding introduction of 3D DBT may also limit our study. Recall rates may have changed spuriously because of the novelty or uncertainty of new technology. We believe that "learning curve" effects were minimized by the analysis of screening data for only experienced radiologists who had interpreted more than 500 3D DBT screening studies.
We report recall rates of 16.2% for 2D DM and of 13.6% for 3D DBT. The ceiling for recommended recall rate is no greater than 14% [14] . Our 2D DM recall rate is higher than 14%, and the 3D DBT recall rate is just below that benchmark. One recent report showed that approximately 30% of 52 facilities had recall rates that failed to comply with recommended benchmarks and that most had values above the benchmark range [14] . Although we acknowledge that our recall rate for 2D DM was high, we believe that 3D DBT is helping us to achieve more desirable recall rates.
Future Directions
A detailed analysis of the characteristics of cancers detected by DBT is a subject for future research, including evaluation of lesion size, descriptive imaging characteristics of ) was used to analyze the difference between 2D DM and 3D DBT. The link function was specified as LOGIT. The correlation between reads made by the same radiologists was accounted for by specifying radiologist as the G-side random effect. The adjusted rates were calculated using the fitted model and their 95% CIs were derived using the delta method.
Breast Cancer Screening Using 3D DBT Versus 2D DM malignant lesions, and TNM pathology staging. Also, analyses stratified by patient age and breast density may yield useful information concerning which patient subgroups will benefit most from 3D DBT screening. Although the effect of repeat screening with 3D DBT (incidence effect) is unknown, future investigations will determine whether interval CDRs are lower for subsequent screening rounds with 3D DBT than what we have reported.
Our PPV3 (for biopsy) values were essentially the same for the 2D DM and 3D DBT cohorts. Surprisingly, both overall and noncancer biopsy rates were higher in the 3D DBT group. The paradox of a higher PPV1, an equivalent PPV3, and a higher biopsy rate for 3D DBT may be because first-round screening with tomosynthesis may facilitate detection not only of small or obscured cancers but also of small or obscured benign or high-risk lesions such as isodense fibroadenomas or distortions due to radial scars. Detection of these benign lesions at the outset of a 3D DBT screening program may yield an initially lower positive predictive value for biopsy after screening than would be expected given the higher positive predictive value for screening recall; no similar results have been reported previously to date. Whether 3D DBT yields more diagnoses of atypia or other high-risk or nonobligate precursor lesions, such as radial scars, will be the subject of future investigation.
Conclusion
Three-dimensional DBT showed significantly improved performance metrics for breast cancer screening when compared with 2D DM in community radiology practice.
Population-based screening with 3D DBT results in the detection of more breast cancers, especially invasive cancers, and reduces the recall rate from screening.
